Waveguide-enhanced Raman spectroscopy (WERS) is a promising technique for sensitive and selective detection of chemicals in a compact chip-scale platform. Coupling light on and off the sensor chip with fibers however presents challenges because of the fluorescence and Raman background generated by the pump light in the fibers, and as a result all WERS demonstrations to date have used free-space coupling via lenses.
Introduction
Integrated waveguide Raman sensors have attracted significant interest notably for their compact size and large interaction volume that scales with the waveguide length. Highindex contrast, dielectric waveguides enable efficient excitation via evanescent modal fields.
Raman scattered light is coupled back into these waveguides and sent to a spectrometer for chemical analysis. Prior work has demonstrated the validity and promise of this sensing technique using various waveguide material platforms including silicon nitride (Si 3 N 4 ), alumina (Al 2 O 3 ), Ta 2 O 5 , and TiO 2 . [1] [2] [3] [4] [5] [6] [7] [8] [9] Unfortunately, not all system components can be easily integrated on a single chip, since WERS requires high-power monochromatic light sources at visible or near-infrared wavelengths, high-extinction ratio filters, and sensitive detectors.
As a result, waveguide-enhanced Raman sensors are currently only functional when coupled with off-chip components. Demonstrations of WERS to date have all utilized free-space, high-numerical-aperture (high-NA) objectives to couple light on and off chip. While this technique provides good coupling efficiencies, the need for expensive alignment stages and vibration sensitivity of these setups prevents them from being practical for field testing. Coupling light to Raman chips with optical fibers is the straightforward solution to this problem, yet the Raman pump signal generates unwanted fluorescence and Raman background in the input and output fibers. 10 In this work, we describe a scheme for collecting backscattered light using a simple on-chip beamsplitter and two long spiral waveguide sections. This method has two advantages over prior demonstrations that involve sensing from forward-scattered Raman light (despite imposing additional 3 dB loss from the beam splitter): (1) the pump and fiber Raman/fluorescence background predominantly propagate in the forward direction whereas half of the Raman signal coupled into the waveguide is backward-propagating (with the same intensity as the forward-propagating signal), giving rise to an improved signal-to-noise ratio; and (2) there is no optimal waveguide length proportional to 1/α s (the scattering losses)rather the waveguide sensing region should be as long as possible to maximize the signal.
Figure 1:
Rendering of the photonic chip design fabricated in this work. A 2 × 2 directional coupler splits light into two waveguide channels, a MMI converter transforms the strip to a slot mode, and then in an exposed sensing region Raman scattered light is coupled into the backward-propagating waveguide mode. Components are not to scale.
In the following, we first present a silicon nitride photonic integrated circuit with exposed sensing windows that operates based on this technique. Fibers are bonded to both input and output of the chip and a custom, ruggedized enclosure is machined to allow in-line measurements of arbitrary liquid or gaseous chemicals. We then analyze the efficiency of this technique for filtering out pump signal and fiber background, which is directly related to the ratio of reflected light and the light scattered into the far-field. Finally, we describe several techniques for improving the performance of future Raman sensors. On the chip (see Fig. 1 ), 100 µm long inverse spot-size converters with 75 nm wide tips expand the waveguide mode to allow for more efficient fiber coupling (with a theoretical −3.0 dB/facet insertion loss, and a measured loss of −7.2 dB/facet). The single mode waveg-uides are 500 nm wide, and a 2 × 2 coupler (20 µm long, 0.4 µm gap) is used to split light into two arms. A multi-mode interferometer (MMI) with 2.7 µm × 1.5 µm dimensions is used to convert the TE polarized strip mode to a TE polarized slot mode. 11 The slot waveguide consists of two 350 nm rails and a 100 nm slot gap. These waveguides then enter the spiral waveguide sensing region which is 8 cm long and consists of 100 µm radius bends. Backwardpropagating Raman generated light travels back to the 2 × 2 coupler where approximately half of the light is carried to an output port at the opposite edge of the chip as the input.
Chip design and fabrication
In order to bond optical fibers to the edge of the chip, we first begin by mounting each fiber into a glass V-groove block (OZ Optics) such that the fiber tip extends ∼0.5 mm beyond the glass block and then we bond the fiber and V-groove block with UV curable epoxy. Next, the fibers and the chip are each mounted in custom 3D-printed arms that attach to 5-axis positioning stages for both input and output alignment. Our process for applying epoxy to each fiber consists of first touching the tip of each fiber to a small droplet of epoxy under a microscope and then gently retracting the fiber so that only a very small amount of transparent UV-curable epoxy wets the flat fiber tip area. This process ensures that a minimal volume of epoxy is used during fiber-to-chip bonding, since volume changes during curing (resulting in sub-micron level displacements) can have dramatic, detrimental effects on the coupling efficiency. Once the fibers on both ends are aligned and the power transmitted through the waveguides is optimized, the epoxy is cured. Next, larger volumes of epoxy are applied between the glass block and the silicon nitride photonic chip for mechanical stability.
In order to use the chip for sensing a variety of compounds, including organic solvents like isopropanol or acetone that would readily dissolve the epoxy at the edge of chips, we designed a ruggedized flow cell as shown in 
Measurements
The optical measurement setup consists of a wavelength stabilized single mode fiber coupled laser operating at λ = 808 nm (QFBGLD-808-250, QPhotonics, LLC). A fiber-integrated narrow bandpass filter centered at ∼810 nm is used to remove amplified spontaneous emission from the signal, and polarization control paddles before the chip are used to couple light into either the TE or TM waveguide modes. After the chip, light travels to a fiber bench with a notch filter to prevent any remaining pump light at 808 nm from continuing to the spectrometer. The Raman signal is sent via fiber to a compact commercial spectrometer with a cooled CCD (AvaSpec-HERO, Avantes BV). Although most of the pump light is removed on-chip by the forward-propagating waveguide mode, finite reflections on the chip necessitate the additional notch filter. The optical components that contribute the most reflection are the strip-to-slot waveguide mode converter, the transition from the waveguide being top clad with oxide to top clad with analyte, and the backscattered light from waveguide roughness in the sensing region.
Using a packaged chip with 800 nm wide slot waveguides with 100 nm gap, Raman spectra were obtained for varying concentations of isopropyl alcohol (IPA) in water, as shown in to the wavelength dependence of the directional coupler, we also saw greater signal collection for Raman light at the 2923 cm −1 peaks than at peaks between 819-1450 cm −1 . For this device, the ratio of Raman signal from pure IPA above the chip to background fluorescence at 2923 cm −1 was 58 ± 4 : 62 ± 4 (counts) without any baseline subtraction. In order to extract the additional pump light rejection when collecting backscattered Raman signal, we measured the forward-scattered Raman signal from a separate 5 mm long straight slot waveguide. In this configuration, the strong background fluorescence and Raman generated in the fiber (with an amplitude of 898 ± 73 counts) prevented direct identification of the IPA peaks. Only when subtracting a baseline measurement performed with no analyte could the Raman peaks at 2923 cm −1 be identified, with an amplitude of 143 ± 31 counts.
The difference in signal-to-background ratio between the forward-and backward-collection configurations indicates an effective on-chip background rejection ratio of 7.7 ± 1.1 dB as a result of collecting the backreflected light. This agrees well with our calculations as it is slightly lower than the theoretical maximum presented in Fig. 4(c) .
Analysis of backscattered Raman signal
The signal of interest in this sensing scheme is the power of backward-propagating Raman light collected at the start of the sensing region (x = 0) normalized by the input forwardpropagating pump light (also at x = 0). Assuming the vast majority of Raman scattered light comes from the forward-propagating pump with power P f (compared to the backwardreflected pump signal power), and the magnitude of the Raman scattered light is significantly less than the pump light, the rate equations describing the Raman power P Raman are:
where β Raman is the generation rate of the Raman signal and α s is the scattering loss per unit length. Solving these coupled differential equations and setting the powers to zero as
x → ∞, the ratio of Raman power to input power is:
The optimized Raman signal is similar to that derived for the forward-scattered light collection scheme, which yields P Raman (z max ) = (β Raman /α s )e −1 P f (0) where z max = 1/α s . 12 An advantage of collecting backscattered Raman light is that the fiber fluorescence gen-erated by the input fiber and the pump light (that would generate fiber fluorescence in the output fiber) should couple only weakly to the backward-propagating mode. The corresponding rejection ratio is thus determined by the amount of reflected light on the chip. Assuming very low-loss components with adiabatic mode transformations, the dominant source of back reflection is scattering from sidewall roughness α r . This, along with the scattering loss (power scattered only into the far field) α l determines the distance that light propagates into the sensing region. The rate equations determining the pump power in the forward-propagating mode P f and the pump power in the backward-propagating mode P b are given by:
Similar to Eqs. (1)-(2), solving these coupled equations with the boundary conditions lim x→∞ P f (x) = 0 and lim x→∞ P b (x) = 0 yields a relationship between the input power P f (0) and the output reflected power P b (0):
where f = α l /α r is the ratio of scattered power loss to reflected power, and η quantifies the rejection ratio. Since η depends only on the ratio f , and α r and α l are both proportional to the net waveguide scattering loss α s , the rejection ratio is a function of the local density of states at the scattering center. 13 Assuming that waveguide sidewall roughness is the dominant scattering mechanism and the roughness correlation length is significantly larger than the RMS roughness amplitude, we use the volume-current method 12 to numerically compute α l , α r , and f for a variety of TE and TM strip waveguide modes and 800 nm wide slot waveguides with varying slot gaps at λ = 808 nm. The results of this analysis are shown in for narrow gap slot waveguides, the field enhancement in the relatively low index contrast structure (n clad = 1.329, n Si 3 N 4 = 2.02) is not enough to overcome the higher losses as a result of the additional sidewall interface. In addition, TM strip waveguides were observed to have nearly 10× better pump rejection ratios than TE structures because scattered power is more likely to couple back into the fundamental TE mode than the TM mode.
Conclusion
Using a fiber-coupled silicon nitride WERS sensor designed to collect only the backreflected Raman light, we demonstrate a functional, robust sensing device that circumvents the issue of fiber fluorescence/Raman background. The machined enclosure with integrated flow cell enabled measurements of IPA in water down to single-digit weight percentages. A key advantage of this technique is that it allows for up to ∼ 20 dB of fiber background suppression and there is no fabrication-dependent optimal waveguide length for the spiral waveguide sensor.
Furthermore, our volume-current method analysis suggests that narrow gap structures (like slot waveguides) may not yield better waveguide sensors, although a more complete analysis that includes the background fluorescence generated from the waveguide core is required. 14, 15 A number of improvements to future device designs can significantly improve the signalto-noise ratio for high-performance Raman sensing applications. First, improving the coupling efficiency to the waveguides with better inverse taper couplers and better packaging techniques will yield higher Raman signals. Second, eliminating all components that contribute to back-reflection will reduce the transmitted pump light and fiber background. This can be accomplished by replacing the MMI-based strip to slot waveguide converter with an adiabatic mode converter. Also, reflections at the interface between the buried waveguide and the exposed sensing waveguide can be reduced by letting the waveguide enter the sensing region at a shallow angle (rather than at a normal angle). Third, replacing the directional coupler with either a broadband adiabatic coupler or wavelength-selective filters 10,16,17 would both improve the flatness of the received Raman signal and could eliminate the 3 dB insertion loss penalty. Finally, careful design of the waveguide geometry in the sensing region can improve the output signal, decrease losses (thereby increasing the interaction volume), and more efficiently filter out the pump source.
